Introduction
During the past 50 years urban and suburban areas in the United States have been expanding rapidly at the expense of agricultural land and natural ecosystems (Richards. 1990; Douglas, 1994) . Between 1960 and 1990, 12 .6 million ha of cropland, forest and pasture in the United States were converted to urban and suburban land (Frey, 1984; Dougherty, 1992 ). An additional 4.5 million ha of rural land were developed in the 5 years between 1992 and 1997 (USDA National Resources Inventory, 2000) , indicating that the pace of land conversion in the United States has been accelerating. While cities and towns now cover 3.5% of the conterminous United States, their associated sprawl into adjacent counties designated as Metropolitan Areas has resulted in 24.5% of the area of the United States being categorised as urban land cover (Dwyer et at., 2000) . These areas, including their natural components like forested land, are thus becoming increasingly exposed to the effects of diverse urban activities. The states that have experienced the greatest population growth per unit land area between 1990 and 1996 occur in the eastern third of the country, where human settlement is expanding mostly into forested land (Dwyer et al., 2000) . These eastern rural Urban and suburban forest remnants are smaller than rural forest counterparts resulting in their having higher edge-to-interior ratios. For urban forests, proportionately greater edge length would therefore be in contact with the matrix, permitting more open and frequent exchanges of species, matter and energy between forest and matrix. Since urban matrix conditions differ markedly from most rural matrix types and forests in species composition, atmospheric chemistry and thermal regime, the intensity and type of flows is accentuated. Both higher edge-to-interior ratios and the high contrast matrix increase the potential for surrounding conditions to regulate ecological processes inside small, urban forests. Ecological processes, such as decomposition, primary production and population dynamics, in larger forests with less edge in contact with their surroundings are more likely to be regulated by internal factors.
forests have been increasing in area in the past 100 to 150 years because of secondary succession following farmland abandonment in the nineteenth and early twentieth centuries (Foster, 1993) . Because of varied public and private land ownership patterns, forest fragments of different sizes have been and are being created in these urbanising landscapes (e.g. Medley etal., 1995; Vogelmann, 1995; Heilman et al., 2002) . These forests are often privately owned and not intensely managed. Hence the suburban and urban conditions that surround them will play a large role in determining their long-term health, species composition and sustainability.
As forests become fragmented, their edge-to-interior ratios also increase, resulting in forests being exposed to greater inputs of energy, matter and species from their altered surroundings (Saunders etal., 1991; Matlack, 1993a) . External influences on these ecological systems then become at least as important as internal feedback regulation in defining the species composition and functioning of biological communities ( Fig. 19.1 ). This may be especially true for forest remnants that become surrounded by cities, since, as opposed to agricultural lands, urban land-cover properties (e.g. impervious surfaces) and land-use activities (e.g. fossil fuel combustion) contrast greatly with those of forests. Compared with forests in rural areas, these urban forest remnants would be likely to be subjected to greater external inputs of thermal energy (urban heat island effect; Oke, 1995) , greater atmospheric inputs of both injurious pollutants and fertilising nutrients (Turner et al., 1990; Lovett et al., 2000) , increased colonisation by exotic species (Kowarik, 1990; Rebele, 1994; McKinney. 2002) and increased human visitation (recreational and residential activities along forest boundaries; Matlack, 1993b) .
Therefore, populations, communities and ecosystem processes in these forests are likely to be disproportionately more affected by their external surroundings than rural forests. Despite their small size and fragmented nature, these forest remnants are functionally important since they provide human society with: (1) ecosystem services (air and water pollutant filtration, maintenance of the landscape's hydrological function, biological control of pest species, conservation of native species); (2) sites for educating the public about the natural world; (3) recreational and aesthetic opportunities; and (4) a cultural identity and connection with the original native landscape. Currently our scientific knowledge of how these forest remnants are faring as they become increasingly surrounded by dense human settlement is scant and scattered (Zipperer and Guntenspergen, Chapter 17). While species lists for urban woodlands and forests maybe available in many cities, integrated information on forest functions, community trajectories and ecosystem processes is particularly lacking. Such process-level information would allow us to improve our understanding of the ecological roles that remnant forests perform in the greater landscape, and the time lags and resiliency thresholds for particular functions as land use changes around them. A deeper ecological understanding of the roles and responses of urban and suburban forest remnants could underpin the development of more pro-active management strategies as conditions surrounding these forest patches continue to change.
The urban-rural gradient approach and comparisons among cities Several scientific approaches are currently used to determine urban effects on natural ecosystems (Pickett et at., 1997b; Alberti, 1999; Grimm et at., 2000, Pickett et al., Chapter 3). Since many cities in the United States have grown in a concentric fashion, with a densely populated urban core and development that diminishes further from the city, McDonnell and Pickett (1990) conceived of applying the multi-variate, ecological gradient approach to compare responses of natural habitats to varying degrees of human settlement. This urban-rural gradient approach has been used in the New York metropolitan area (McDonnell et al., 1997) and other locations (Guntenspergen and Levenson, 1997; lakovoglou et at., 2001; Niemelä et at., 2002; Niemelä, Chapter 2) to understand how cities affect species and ecosystem processes in natural habitats, such as forests.
Although many cities share similar physical attributes (e.g. roads, buildings, parks), the magnitude and type of impacts that cities have on natural habitats may depend on their geographical location, size, age, growth rate, socio-political values and economic status. Therefore, comparisons among cities can allow us to correlate these urban characteristics with more proximate factors that affect natural communities within their boundaries, such as pollutant deposition loads, degree of temperature alteration, and extent and type of human visitation. Comparative studies can also allow us to determine which natural population, community and ecosystem level responses are shared across cities in different regions or biomes. The threshold values for such responses are related to the magnitude of particular sets of urban factors, which natural habitat types are more sensitive to urban impacts than others, and which responses may be idiosyncratic to specific cities (Lehvävirta and Kotze, Chapter 31).
Rationale for focus on soil carbon and nitrogen cycling in urban-rural gradient studies
The urban-rural gradient approach permits a variety of comparative ecological studies to be conducted in remnant natural habitats. In the New York metropolitan area and Louisville, Kentucky, we and our colleagues focused our experiments on carbon and nitrogen cycling in forest soils for reasons that were simultaneously pragmatic and reflective of the importance of these processes in sustaining forest productivity. Decomposition and soil nitrogen transformations are regulated by microbes and invertebrates, organisms characterised by rapid growth rates and short generation times. Therefore, in contrast with tree communities, their activity levels, population sizes and community composition are likely to respond more rapidly to variation in abiotic conditions along urban-rural gradients. In addition, many decades of exposure to urban and suburban land use may not only have changed decomposer species populations and communities, but may also have stimulated rapid evolutionary adaptation through natural selection. Decomposers are also sensitive to alterations in the quantity and chemical quality of inputs of plant organic matter from leaves, wood and roots, factors that urban conditions can potentially alter as well. Therefore, one of the advantages of studying decomposition and soil nitrogen cycling is that these processes integrate the effects of many factors that have a high likelihood of being influenced by urban land use and land cover. These include: (1) both nutritive (e.g. forms of inorganic nitrogen, basic cations) and damaging (e.g. ozone, sulphur dioxide, heavy metals); (3) quantity and chemical composition of plant matter; and (4) decomposer community composition and activity levels ( Fig. 19 .2). Since these processes integrate abiotic and biotic factors that vary during the course of a short-term study and those that have accumulated in the past, studying soil processes increases the likelihood of detecting differences in ecosystem responses linked to land-use variation within a few years of initiating an experiment. In addition, soil carbon and nitrogen cycling are key ecosystem processes that can change forest productivity by altering the rate of inorganic nutrient supply within the forest. These processes also affect the flux of matter between the forest remnant and its surrounding matrix, exchanges of importance at landscape and global scales. These ecologically important as well as utilitarian reasons made soil organisms and the processes they regulate an important focus for initial urban-rural gradient studies in both New York and Louisville.
Description of the New York and Louisville urban-rural gradients
In the late 1980s a transect of forest sites, constituting the New York Urban-Rural gradient study (URGE; see also Pickett et al., Chapter 3), was established running 130 km northeast from the Bronx (a borough in New York City) to rural Litchfield County, Connecticut (Fig. 19.3a) . New York City (40°47'N, 73 58'W), settled by Europeans in the early seventeenth century, attained a population of 8 million with a mean density of 10300 people/km 2 in the year 2000. The New York City Metropolitan Statistical Area (MSA), with a population of approximately 20 million, is the largest among the 280 MSAs in the United States (US Bureau of the Census, 2000) . Population density at the urban end of this gradient was 10000 people/km2 and declined to 10 people/km2 at the rural end (Medley et at., 1995) . The 40-km-long urban-rural transect of forests in Louisville, Kentucky, was established in 2001 and runs southward from Louisville in Jefferson County to rural Bullitt County (Fig. 19.3b ). Louisville (38° 15'N, 8546W) was first settled in the late eighteenth century and by 2000 had a population of 259 000 with a mean density of 1600 people/km 2. The Louisville MSA, with a population of 1 161 000, ranks 43rd in the nation (US Bureau of the Census, 2000) . Population density within a 1.5-km radius of forest sites studied along this transect varies from 1665 people/km 2 at the urban end, through 183 people/km 2 in the suburban section, to 20 people/km 2 at the rural end.
The cities have similar climate and are located within the eastern deciduous forest biome where the oak-hickory forest type is common. The climate in the New York region consists of warm humid summers and cold winters with mean annual air temperature of 12.5 C. Precipitation is evenly distributed throughout the year and averages 1080 mm annually (NOAA, 1985) . Louisville's climate is of the mild mid-latitude type with a mean annual air temperature of 13°C, and mean annual precipitation of 1143 mm, also distributed evenly throughout the year (Ulack et al., 1998) .
To maximise the ability to detect land-use effects on soil communities and soil processes, forest plots along the urban-rural gradients in these two cities were chosen using the following standardised criteria: (1) canopy dominance by the same tree species (Quercus rubra-Q velutina complex (red oak-black oak) in New York, and Q prinus (chestnut oak) in Louisville); (2) location on the same or closely related soil series (in New York Charlton-Hollis soils, which are sandy barns, mixed, mesic Typic or Lithic Dystrochrepts; and Tilsit soils in Louisville, which consist of fine silt barns, mixed, semi-active, mesic Typic Fragiudults); (3) no canopy gaps; (4) no signs of recent natural or human disturbance such as fire, severe insect infestation or selective logging; and (5) similar within-stand landuse history. By holding these internal characteristics as constant as possible, we could increase confidence that any differences in forest properties measured along the urban-rural gradient would be due primarily to current and past cumulative effects of land use surrounding the stands.
Soil carbon and nitrogen transformations, in a nutshell
To maintain primary productivity, forest trees require inorganic nutrients, and in many temperate forests the nutrient that most limits tree growth is nitrogen (N) (Vitousek and Howarth, 1991) . Nitrogen in inorganic forms (typically ammonium (NH4 ) and nitrate (NO)) can be supplied to a forest either from external sources via atmospheric deposition, or from internal sources generated during decomposition of organic matter. Most studies of litter decomposition in North American forests have been conducted in large forests far from cities. Therefore, rates of nutrient return from internal reservoirs (e.g. dead plant matter) have received greatest attention, since the dependence of primary production on externally derived nutrients is often much smaller.
Litter decay studies follow not only rates of mass loss and the production of CO2 (C mineralisation), but also the conversion of organic N in dead plant matter to inorganic ammonium (NH) and nitrate (NO) (N mineralisation). During decay ( Fig. 19. 2), fungi and bacteria enzymatically break down complex carbon compounds, take up a portion of these compounds into their cells for growth, and respire others for metabolic energy. Microbial respiration (and therefore CO2 production), along with invertebrate fragmentation and grazing, results in mass loss of the litter during decay. To produce their own proteins and nucleic acids, microbes take up nitrogen not only from litter but also from precipitation and the soil. As a result, total N mass as well as N concentration often increases in litter during the early stages of decay (a phenomenon referred to as net N immobilisation). However, as the plant litter is transformed by microbial and invertebrate activity to organic humus, mineralisation of N from organic to inorganic forms exceeds N uptake by microbes. Consequently, there is a net release of N from the litter to the soil where it becomes available for plant uptake. In some forests NH predominates in soil as the main inorganic N form. In others, NH is converted to NO 3 primarily by the action of specialised chemoautotrophic nitrifying bacteria (although heterotrophic nitrification pathways conducted by other microbes have also been discovered in some forests (Killham, 1990) ). Production of NO 3 via nitrification can be ecologically important at the landscape scale because NO, being more mobile than NH, is leached readily from the soil and exported to groundwater, streams and other receiving water bodies where it can contribute to eutrophication. Furthermore, under conditions of high soil moisture, NO3 can be converted by anaerobic denitrifying bacteria to N 2 gas or nitrous oxide (N20), a greenhouse gas. In this case, nitrogen leaves the forest via the atmosphere. Therefore, NO 3 production at levels that exceed plant and microbial uptake (a condition called N saturation; Aber et al., 1998) can make a forest more vulnerable to N loss and change the forest's role in the greater landscape to being a N source rather than a retentive N sink.
Findings from the New York urban-rural gradient experiments
Litter decomposition studies Several studies were conducted from 1989 to 1997 to determine if atmospheric N deposition, decomposer communities, decomposition of leaf litter and soil N transformations differed in oak-dominated forests along the New York urban-rural gradient. One of the earliest objectives was to determine whether the rates at which leaf litter decomposed and N was released from decaying litter differed along the gradient. Our expectations of the outcomes were uncertain because we anticipated that stimulation of process rates from potentially warmer urban soil temperatures could be offset by higher concentrations of heavy metals often found in urban soils (Chaney et al., 1984) . Also, Findlay and Jones (1990) had found that ozone altered the chemistry of living leaves such that the subsequent decay rate of senesced leaves was depressed. So the potential degree of difference and even the direction in decomposition rates and litter N dynamics between urban and rural forests were not predictable at the outset.
For this initial decomposition study (Pouyat and Carreiro, 2003) , senesced leaves from red oaks were collected from urban, suburban and rural stands, weighed into mesh bags and returned to decay in their stands of origin. However, to separate the potential effects of leaf litter quality on decay rate from those of site factors (such as climate, pollutant inputs, differences in activity or composition of decomposer organisms), a reciprocal litter exchange was also carried out such that litter collected in rural stands would decompose in both rural and urban stands, and likewise for litter collected in urban stands. Since litter of urban and rural origin would decay side by side, if their decay rates differed, then variation in within-species litter quality must be responsible. In turn, since litter of urban and rural origin decayed in both urban and rural forests, if the litters of similar origin decayed at different rates in the different locations, then variation in site factors must be the cause. Only urban and rural litters were exchanged in this way, not suburban litter, which was left to decay only in suburban stands. Comparison of litters that decayed in their sites of origin would reveal the net effects of potential litter quality and site factor interactions on litter decay rate.
At the end of a 22-month period, no statistically significant difference in mass loss rates for litter types decaying in their sites of origin was detected along this gradient, although the decay rate in the urban forests was faster than in their suburban and rural counterparts (32.5%, 37.1% and 41.1% mean mass remaining, respectively). However, the reciprocal transplants revealed that these results were obtained for different reasons in the urban versus the rural forests. Regardless of whether litter incubated in the urban or rural forests, oak litter collected from the urban stands decayed more slowly than oak litter collected from the rural stands (across-site mean mass remaining after 22 months was 41.8% for urban litter versus 29.8% for rural litter). This study indicated that soil decomposers found the quality of urban litter to be lower than the quality of rural litter. Also, regardless of stand origin, litter decayed more quickly in the urban forests than in the rural stands, indicating that urban site factors accelerated decay relative to rural forests (across-litter type mean mass remaining was 25.6% in urban forests compared with 46% in rural forests). This independently validated the findings of another decomposition study along this gradient that had used a single litter type (sugar maple) from a single location to assay variation in site conditions (Pouyat et al., 1997) . Since urban site conditions accelerated the litter decay rate but urban litter quality reduced it, decay rates of urban litter in urban forests were similar to those of better-quality rural litter decomposing in rural forests. Similar decay rates across the gradient for litters incubating in their sites of origin obscured the fact that controls associated with site conditions and within-species chemical quality of litter differed in a compensatory manner along this land-use gradient. These mechanistic insights would not have been possible if a litter transplant had not been incorporated into the experimental design for this decomposition study.
Seeking explanations: differences in litter quality Other experiments occurring simultaneously with the above study revealed some of the reasons for these shifts in controlling variables along the New York City urban-rural gradient. Chemical analyses of senesced oak leaves collected from the same urban, suburban and rural forests in the subsequent year showed that urban oak litter contained less labile material, more lignin and higher lignin:N ratios than rural leaf litter (Carreiro et at, 1999) . All of these chemical characteristics are known to correlate with slower rates of litter decay (Melillo et al., 1982) . Indeed, when these leaves were incubated under similar moisture and temperature conditions in the lab, urban litter decayed most slowly (25% more slowly than rural leaves) and sustained less fungal and bacterial growth (50% less than rural leaves) than rural or suburban oak litters (Carreiro et al., 1999) . The results of this laboratory experiment independently corroborated the findings of the field litter transplant study regarding differences in urban and rural oak litter quality. The reasons for this variation in litter quality are unclear, but ozone damage to the living leaves before senescence is a possibility. Differences in the chemical quality of senesced leaves along the urban-rural gradient were consistent with those of other studies that investigated acute ozone effects on leaf litter quality and subsequent litter decomposition rate (Findlay and Jones, 1990; Findlay et al., 1996) .
Seeking explanations: differences in abiotic conditions and decomposer communities Knowledge of litter quality variation along the gradient could not, of course, address the question of how urban site conditions promoted decay rates of litter. Pouyat and McDonnell (1991) found that heavy metal concentrations (e.g. lead, copper, nickel) were two to four times greater in mineral soil of urban than of rural forest stands along the urban-rural gradient. While this indicated a greater atmospheric deposition history for heavy metals near the city, the mean concentrations found were not considered high enough to depress soil organisms and microbial processes greatly. Average precipitation did not vary substantially along this gradient, although there is generally greater year-to-year variability in the city than in outlying rural areas (NOAA, 1985) . Pouyat (1992) found, as expected, that soil temperature in the urban forest stands averaged 2 to VC warmer than their rural counterparts. However, using a simple exponential model and assuming a Q10 of 2, the mean temperature increase of 2.5 °C above the 12.5"C annual mean for the region would result in a litter mass remaining of 37% in the urban stands rather than the 25.6% that was obtained (the across-litter type means were used in this calculation). Therefore, the temperature differential across the gradient could not account for the entire difference in litter decay rate.
The discovery that there were two major differences in decomposer community composition along the gradient provided a likely explanation for the large variation in litter decay rates and litter N immobilisation patterns (more below) in response to site factors found in the litter transplant study (Pouyat et al., 1994) . First, growth in fungal biomass over a 9-month period on oak leaf litter in the urban stands was half that in the rural stands, with suburban stands intermediate. However, negative urban impacts on fungal biomass could not explain the faster decay rate of litters placed in the urban forests, since less fungal growth should result in slower decay. Likewise, microinvertebrate abundance, especially of those functional groups (mites, collembola, nematodes) that feed on fungi, was also greater in forests at the rural end of the gradient, and so could not account for faster urban litter decay either. However, densities of large prim ow Forest soil carbon and nitrogen cycling 319 earthworms in urban and suburban forests were found to be as much as 10 times those in rural stands (Steinberg etal., 1997) . Most of these earthworms consisted of two epigeic species of Amynthas, originally from Asia. The distribution of exotic worms across the gradient is strongly correlated with the decay rates observed. Through their fragmentation and feeding activities, worms accelerate leaf litter decay and create mull soil conditions characterised by thin leaf litter layers and mixed A soil horizons (i.e. upper mineral soil horizons have been bioturbated). Therefore, in addition to warmer soil temperatures, it is very likely that the presence of these worms can account for a large proportion of the rapid litter decay rates observed in these urban and suburban forest stands.
Ecological implications of faster litter decay in urban forests and verification from other studies The slightly faster, although statistically non-significant, decay rates of in situ bagged oak litter at the urban end of the gradient were found to scale up to variation in stand-level thickness of the mixed-deciduous litter layer along this gradient of forest sites. While forest litter production was similar across the gradient, the mass per square metre of the leaf litter layer in the urban forests was only 33% that in the rural forests (Kostel-Hughes etal., 1998b). Since tree litter inputs were similar across the gradient, this indicates that the ratio of decomposition to primary production is greater at the urban end of the gradient. Litter depth has important implications for plant regeneration (Facelli and Pickett, 1991; Kostel-Hughes, 1995) and abundance of litter macrofungi in these forests.
These gradient trends were also corroborated by findings from other studies using different techniques. Groff-man et al. (1995) conducted a study in forests along this gradient to assess the amount of carbon in four soil pools operationally defined by laboratory incubation methods into categories with different turnover times. They found that pools of: (1) readily mineralisable C (turnover within days to weeks); (2) microbial biomass C (turnover within days to weeks); and (3) potentially mineralisable C (turnover of weeks to months) were higher in the rural stands. However, pools of passive C with turnover times of years to centuries were 33% higher in the urban stands. These results were consistent with expectations that earthworm activity accelerates the loss of labile C fractions in soils and yet sequesters some C in soil aggregates, protecting it from rapid microbial breakdown for long time periods. Higher recalcitrant C pools in urban stands could also be the consequence of proportionately greater inputs of recalcitrant litter compounds. Substantially lower microbial biomass in the urban soils compared with the rural soils was also found by Groffinan etal. (1995) and Zhu and Carreiro (2004b) .
Because different methods were used and studies conducted in different years, collectively these studies independently verified that, relative to the rural iI forests, urban sites contained: (1) less microbial biomass (particularly fungal biomass); (2) less labile material in oak leaf litter; (3) more recalcitrant material such as lignin in oak leaf litter; (4) less easily mineralisable soil carbon; and (5) a larger passive soil carbon pool. For these urban stands in New York City, it appears then that altered chemical quality of plant detrital inputs and the presence of exotic earthworms may be increasing the forest soil's potential to sequester passive recalcitrant carbon relative to similar reference forests in rural areas. Also, despite the fact that litters decaying in their sites of origin lost mass at statistically indistinguishable rates across the gradient, because the controls on decomposition differed across the gradient, year-to-year variation in factors such as precipitation and pollution inputs would be expected to have differential impacts on this ecosystem process in urban and rural forests. For example, warm, sunny drought years could lower earthworm populations and increase ozone levels closer to the city. In such years one could anticipate that leaf litter decay rates would be relatively more reduced in urban than in rural forests.
Nitrogen cycling in forests along the New York urban-rural gradient
Internal nitrogen sources: release from decomposing litter Since nitrogen is often the nutrient that most limits primary productivity in terrestrial systems, it is important to determine whether urban conditions can alter the rate at which organic N in plant litter is transformed by microbes and invertebrates to inorganic N available for plant uptake. Breakdown and transformation of organic C and N during microbial processing in the soil are intricately linked, and therefore can affect each other in numerous ways. Rates of organic C mineralisation by bacteria and fungi during litter decay can be either accelerated or depressed by N availability (Carreiro et al., 2000) , and the rate at which organic N becomes mineralised to inorganic forms depends in part on the quality of C compounds available to microbes and invertebrates. Therefore, the effects of litter quality and site factors on net N retention and loss in decaying leaf litter were also examined in the litter transplant study described above (Pouyat and Carreiro, 2003) .
This study showed that relative to the urban forests, the litter layer in these rural forests was a stronger N-immobilising environment, and hence a longerterm reservoir of N in forms not available for plant uptake. Interaction effects between site factors and litter quality were also discerned in that rural litter lost N far more rapidly than urban litter when incubated in the urban stands, but not when both litter types were incubated in the rural stands. After 22 months of decay, the across-litter-type, mean N immobilised in the rural forests was 15% more than they originally contained, while the across-litter-type, mean N in the urban forests was :10111 less than they originally contained. The effect of litter origin (and hence litter quality) was only observed in the urban forests. Urban litter contained 92%, while rural litter contained only 51% of its original N content after 22 months of decay in the urban forests. In contrast, urban and rural litters decomposing in the rural plots did not differ greatly in their N content and retained 18% and 12% more N, respectively, than they had to start with.
Again, the different compositions of the decomposer communities along this urban-rural gradient provides a plausible explanation for these contrasting patterns of N retention and release in the litter layer of urban versus rural forests. Leaf litter with high fungal biomass, as occurred in the rural forests, would be expected to retain N for a longer period of time than that with a smaller ftingal component (Swift et al., 1979) . Because leaf litter initially has a higher C:N ratio than fungal cytoplasm, fungi augment N supplied from litter by translocating more of it from lower soil horizons into the leaf layer via filamentous hyphae that grow into and tap both substrates simultaneously. In addition, fungi and bacteria can incorporate N from precipitation and throughfall into their biomass, which then becomes an integral part of the decaying litter mass. Therefore, it is not surprising that the rural forests with their greater fungal biomass than urban forests should immobilise N in the litter layer for a longer period. In addition, Pouyat cv cii. (1994) and Zhu and Carreiro (2004b) noted that fungal and total microbial biomass, respectively, grew exponentially from winter to spring, particularly in the rural stands. Microbial biomass can therefore conserve forest N capital during this vulnerable period of low plant uptake. It appears that these rural forests with their greater microbial biomass pool than urban counterparts may be able to retain N more effectively. In contrast, the urban forests contained high densities of exotic earthworms that consume litter and mix litter fragments and partially digested detritus into the upper mineral soil horizons. The net effects of their activities would be to accelerate C and N loss from litter through digestion of the material and by creating a disturbed forest floor environment (mull soils) that could reduce the hyphal growth of longer-lived macrofungi (McLean and Carreiro, unpublished data) that would immobilize N for longer periods than most bacteria and microfungi.
Nitrogen transformations in the humus and upper mineral soil horizon Most soil nitrogen consists of organic rather than inorganic compounds; a portion of these organic compounds is soluble and may be leached from the system, taken up by microbes and plant roots, or microbially transformed into soluble inorganic compounds (Paul and Clark, 1996) . Over a 16-month period, Zhu and Carreiro (2004a, b) examined the temporal dynamics of both soluble organic N (ESON or extractable soil organic nitrogen) and soluble inorganic N (ESIN) compounds in surface soils containing the humus horizon (Oa, Oe) and the upper mineral soil horizon of nine oak forests along the New York gradient. Not only did urban soil produce 35% more soluble N annually than soils in rural forests, but a greater fraction of that N was in inorganic form. ESIN comprised 70% of total soluble N produced annually in the urban forests, but only 54% of the total soluble N pool in the rural forests. Also, as found earlier by Pouyat (1992), not only were N-mineralisation rates in the upper mineral horizon (upper 7.5 cm) of the urban forests higher, but the fraction of NH I transformed to NO3 was far greater in these urban and suburban forests (48% and 44%, respectively) than in the rural forests (2.8%) (Zhu and Carreiro, 2004a) . These field results were consistent with those from N-mineralisation experiments conducted with laboratory-incubated soil (Pouyat et at., 1997; Zhu and Carreiro, 1999) . Through the use of the acetylene block technique Zhu and Carreiro (1999) also verified that chemoautotrophic nitrifying bacteria, not heterotrophic microbes, controlled the nitrification process in these acidic soils, and that low nitrification rates in the rural soils were not explained by removing limitations in NH, phosphorus or low soil pH, at least over short (14-day) incubation periods.
Again, it is likely that earthworm activity would explain the higher nitrification rates in the urban and suburban forests, since they are known in other systems to increase N availability, N transformations and frequently nitrification (Scheu and Parkinson, 1994; Blair et al., 1995) . This was experimentally demonstrated in the New York area forests by Steinberg et at. (1997) who found that adding the exotic Amynthas earthworms to soils collected from both urban and rural forests stimulated both N-mineralisation and nitrification rates over those of controls without worms. Not only might soil mixing and excretion by worms promote N mineralisation, but earthworm casts may well provide a microsite where nitrifying bacteria find conditions and resources more conducive to their activity (circumneutral pH, greater soil moisture, more organic matter, more NH) than the non-cast soil (Carreiro and Zhu, unpublished data). This was shown by comparing nitrification rates in earthworm casts collected from one urban and one suburban forest with rates in the mineral non-cast soil collected immediately beneath the cast layer (Carreiro and Zhu, unpublished data). After a 14-day laboratory incubation, nitrate production in the worm casts was 10 times as great as that in the non-cast soil.
Atmospheric nitrogen deposition: an external source to forests
While internal N cycling during decomposition provides a forest with most of its annual N capital for supporting plant growth, a certain amount of the total forest budget originates from outside the forest and enters in precipitation in both wet (as rain, snow, cloud fog) and dry (as particulates and N-containing gases) forms. Therefore, owing to greater fossil fuel emission in urban-industrial areas, the amount of N entering forest remnants from atmospheric sources would be expected to increase with proximity to cities. For several decades there have been many studies of atmospheric and precipitation chemistry in urban areas (Gatz, 1991) . However, until recently we knew little about the magnitude of atmospheric N deposition to urban forest remnants. To address this knowledge gap, Lovett et al. (2000) quantified atmospheric N inputs over two growing seasons in oak forest stands along the New York urban-rural gradient. They measured N in both throughfall (precipitation falling onto the forest floor after passing through the forest canopy) and precipitation (rainfall collected in open areas near the forest stands). Throughfall N contains not only the amount of N entering the system in rainfall, but also any additional amount captured as dry dust particles by foliage between rain events. However, canopy processing in forests not receiving high N deposition can actually reduce the amount of N in throughfall relative to the amount in rain. If N in throughfall exceeds that in rainfall, then the difference serves as a conservative estimate of the amount that the canopy foliage captured in particulate form between rain events. Lovett et al. (2000) found that N entering urban forests in throughfall was 50 to 100% greater than the N flux into rural and suburban forests. Additionally, they found that the difference was due mostly to N entering in particulate form rather than rainfall. Particulate N deposition in forests was at least 17 times greater at the urban end of the gradient (15.5 mmol N per m 2 in urban stands versus 0.9mmol N per m2 in rural stands), with nearly 70% of this inorganic N in NO 3 rather than NW . form. These inputs did not decline linearly with distance from the city, but instead fell off rapidly somewhere between New York City and the suburban stands 45 km to the north. This steep drop-off threshold can be explained by the reaction of acidic anions with alkaline dust particles (Ca 2* and Mg2 ) thought to originate mostly from construction and demolition activity within the city. Since the particles were large (>2 j.mm), most sedimented in the city itself and were not blown further away. If these N deposition trends are also found in other cities, then urban forests would receive a large N subsidy in dry particulate deposition during the growing season relative to suburban and rural forests nearby.
Conclusions for the New York urban-rural gradient studies
While abiotic factors of air pollution, atmospheric deposition of nutrients and heavy metals, and warmer temperatures undoubtedly play roles in modifying C and N cycling in forest soils along the New York urban-rural gradient, perhaps the factor that has had the most noticeable impact is bioticnamely, the invasion of these urban and suburban forests by exotic earthworms. These worms have accelerated C and N cycling rates and indirectly changed the direction and products of a major biogeochemical cycle -the N cycle. By stimulating nitrification, these worms have also potentially altered the role that these forests play in the greater landscape. As one moves closer to New York City from the north, the likelihood that forests will shift from being sinks to sources of nitrogen increases greatly. The production of NO 3 is pivotal, therefore, not only to the internal dynamics of the forest community itself, but also to the forest's role with its local surroundings and the atmosphere. Counterintuitively, while the worms are accelerating soil C and N cycling rates, they may also be increasing the rate at which a portion of that carbon is being sequestered into a long turnover C pool. Sequestration rates of passive C would be accelerated if ozone or other factors consistently alter leaf chemistry to increase the relative size of recalcitrant C inputs to the soil. Interactions between worm activity and greater N deposition to urban forests would also stimulate nitrification rates, since chemoautotrophic nitrifying bacteria, primed by worm activity, could convert both detrital and atmospherically deposited NH into NO3.
Increased soil N availability through locally greater worm activity and atmospheric N deposition has several important positive and negative implications for urban forest communities in the New York vicinity. Greater N supply could differentially stimulate primary production of species able to take advantage of its increased availability and therefore alter plant community composition (Tamrn, 1991) . The plants thus favoured may not only be native species. High rates of N-mineralisation and nitrification have been strongly correlated with a greater degree of invasion by non-native plant species in hardwood forests in the New York City area (Howard et al., 2004) . Since propagule supply of non-natives is typically high in urban and suburban landscapes (Kostel-Hughes et al., 1998a; McKinney, 2002) , increased soil fertility may make forest remnants particularly vulnerable to fast-growing non-native plants. Increased soil N is also often associated with higher N concentration in foliage (Magill et al., 1997) . While this can translate into higher primary productivity rates, it can also increase a plant's vulnerability to attach by insects and fungal pathogens (Huber and Watson, 1974; Mattson, 1980; McClure, 1991) . Increased N deposition can also either accelerate or reduce C mineralisation rates during litter decomposition, depending on the litter's relative lignin and cellulose content (Carreiro et al., 2000) . Should N availability exceed plant and microbial sink strength for many years (N saturation), then a syndrome of clustered responses can ensue (Aber et al., 1998) , resulting in accelerated tree mortality and N export from the forest to surrounding habitats. However, if there is consistently greater Ca and Mg2 deposition in cities, then one negative aspect of high NO 3 inputs and high nitrification rates in urban forests could be mitigated -namely leaching loss of basic canons from soils (Likens et ttl., 1996) .
Other cities, other patterns?
Urban-rural gradient experiments investigating the effects of land use on soil C and N cycling in temperate forests have also been initiated in other metropolitan areas in the United States (Carreiro, 2003; Pavao-Zuckerman, 2003) . Such studies permit comparisons among different cities to ascertain whether forest responses found in any one city are also applicable to others (Lehvãvirta and Kotze, Chapter 31).
The results obtained from the New York urban-rural gradient serve as a benchmark for these studies because of their extent, detail and duration. The New York gradient also provides data on forest responses to the high human density and intense commercial activity of the largest metropolitan area in the United States. Comparisons of the same response variables in forest remnants in smaller cities would help us discover whether: (1) certain responses and effects are idiosyncratic or common; (2) the magnitude of some responses varies linearly or non-linearly with city size and other urban attributes; and (3) thresholds related to population density, size and other urban characteristics exist (see also McCarthy, Chapter 7; Lehvävirta and Kotze, Chapter 31).
Findings from the Louisville urban-rural gradient study
Louisville, Kentucky, with a population of 700 000 is a continental city an order of magnitude smaller than New York City, but located at a similar latitude and within the same eastern deciduous forest biome. The Louisville area possesses many forest fragments with the same canopy and sub-canopy tree species as found in forests in the New York urban-rural gradient. Therefore, establishing a gradient of sites here permits an initial examination of the effects of city size on forest communities with similar plant species composition. Since the Louisville gradient studies were started in 2001, not all are complete and only interim results are reported here.
Litter decomposition study A litter transplant study, similar in design to that in New York, was initiated to ascertain the potential effects of site factors and litter quality on the decay rate of chestnut oak (Q prinus) leaf litter. Leaf litter bags were set out in urban, suburban and rural plots in their sites of origin, and urban and rural litter exchanges were also made. Despite the fact that the lignin:N ratios for urban and suburban litter were about 15% greater than rural litter, differences in mass loss rate after 21 months of field incubation have been small along the gradient of forests. No detectable differences in litter quality or site factor effects have been observed. With respect to N dynamics in the decomposing litter, all nine forest stands along this gradient have shown strong immobilisation patterns with the amount of N remaining in the in situ litters after 18 months of decay ranging from 188% to 160% of original N mass in the suburban and urban stands, respectively. Soil N mineralisation study Nitrogen-mineralisation studies were conducted from July 2001 to December 2002 in the Louisville area forests using cores of the upper 10 cm soil horizon. Unlike the urban-rural pattern observed in New York, N-mineralisation rates from December 2001 to December 2002 were greatest in the rural plots, followed by the urban and then suburban plots. On a dry mass soil basis, the upper 10 cm horizon of the rural stands mineralised 26% and 69% more N than the urban and suburban stands, respectively. Also unlike the New York City gradient, urban forest plots in Louisville contained more soil organic matter than the rural plots. When these N-mineralisation rates were normalised on a soil organic matter (SOM) basis, the discrepancy in N-mineralisation rates between the urban and rural forests increased further, with rates in rural stands becoming 47% higher than rates in urban stands. This indicates that quality of soil organic matter is more recalcitrant in the urban stands, a result similar to that found in the New York City gradient. The urban forests mineralised 2.2, suburban 1.96, and rural 3.23 mg N per kg SUM per day over that 1-year period. Compared with forests along the New York gradient, annual N-mineralisation on an SUM basis in the Louisville urban and suburban plots was 50% and 56% that of their New York forest counterparts. However, the rural plots in Louisville mineralised 130% more N than the rural forests in the New York gradient. The nitrification pattern across the sites in Louisville differed greatly from that in New York as well. In the urban and suburban stands in New York as much as 70% of mineralised NH was transformed to NOT, with net nitrification being negligible in the rural forests. However, in Louisville nitrification in the rural stands was 10 times that in the urban plots, and negligible in the suburban forests. On average 65% of the total N mineralised was converted to nitrate in rural stands in Louisville. These results cannot be fully explained at this time. However, potential explanations may include the fact that exotic earthworms are not as obviously abundant in the urban, suburban or rural forests in Louisville as they were in New York. This comparison suggests that the exotic earthworms may have been primarily responsible for the steep differences in N-mineralisation and nitrification patterns observed along the New York urban-rural gradient. and rural forest sites. Throughfll was also collected simultaneously from beneath the canopies of 27 Q prinus trees, nine trees each in the urban, suburban and rural forests. As opposed to the soil N-mineralisation results, urban-rural gradient trends in atmospheric N and nutrient deposition were similar in forests in both the Louisville and New York areas. The amount of total inorganic N (combined N from NH and NOT) entering the urban forests in throughfall was 31% and 53% greater than that entering suburban and rural forests, respectively. The particulate component in throughfall was responsible for most of the difference along this gradient (7.01, 4.66 and 1.43 rnrnol N per m 2 , for urban, suburban and rural, respectively) rather than the amount entering via bulk precipitation. The proportion that entered as NO 3 instead of NH increased monotonically (65-72%) from urban to rural ends of the gradient, as was found in the New York City study. This indicates that NO in fossil fuel emissions is the likely major source of N entering these forests from the atmosphere. Bulk deposition fluxes of Ca and Mg2 4 to the urban stands in Louisville were also two to three times those to rural fbrests. Since greater inputs of these basic cations were also found in New York, urban forests may generally receive greater inputs of these nutrients than rural forests nearby.
In summary, the trends in deposition fluxes of N, Ca 2 and Mg2l to forests in the Louisville area are very similar to those in New York City, which were also collected over the growing season and over a similar number of weeks. In addition the absolute amounts of N, Ca and Mg2 entering the urban forests in both cities were very similar. Louisville had approximately half the N inputs of New York City, but slightly greater inputs of Ca and Mg 2 , despite the fact that the Louisville Metropolitan Area (1 million inhabitants) has a population just 5% of that of New York, and a mean population density 7.5% of that of New York City. City size and density alone, therefore, are unlikely to explain most of the variation in atmospheric deposition trends. This is not surprising since other geographical, socio-political and economic factors can influence air quality in a particular city. For example, the Louisville area has a number of large, coalburning power plants nearby along the Ohio River, and depending on dominant wind directions these can contribute to atmospheric deposition in the local area. The fact that N deposition to the rural plots in the Louisville gradient was greater than the amount entering the rural plots in the New York City gradient is perhaps indicative of greater contribution of emissions from these large point sources to the region surrounding Louisville. In addition, automobile traffic may also be greater per capita in Louisville than in New York City, since the fraction of New Yorkers who own or drive cars within their city limits is likely to be less than in Louisville. Local and state air quality regulations on emissions from both stationary and mobile sources (automobiles) may differ between the two cities as well.
Concluding remarks
Detailed study of urbanisation's effects on soil processes within forest remnants is still in its early stages, and studies in more cities are needed to determine the range of possible responses. Nonetheless, the notion that soil processes in urban forests are uniformly depressed by pollutant accumulation, low biotic activity and soil compaction have not been born out by the examples in New York and Louisville. In fact, rates of carbon and nitrogen cycling in these urban plots are comparable to, or, in the case of New York, greater than those measured for other temperate forests in the United States (Pastor et al., 1984 Zak and Grigal, 1991) . Whether urbanisation may alter the decomposition to primary production ratio in some forest remnants would be an important focus for future studies. Such a shift could have important implications for the long-term composition of plant and microbial communities in these forests and for the role these forest patches may play in the greater landscape as net sinks or sources of C, N and other nutrients.
These two case studies suggest that the direction of some abiotic driving variables across the land-use gradient, such as atmospheric deposition and temperature, may be similar among different cities. For example, greater atmospheric N, Ca and Mg deposition into forests at the urban end of the gradient may be a common urban phenomenon. However, the magnitude of the variables and their rates of change across the gradient may vary among different cities. If the differences in abiotic conditions and resource inputs are found to be steep across urbanisation gradients, then these systems would constitute useful 'natural experiments' for understanding integrated forest responses to variation in these variables. Conversely, the expectation that forests in different cities will respond similarly to these abiotic drivers is not likely to be supported. Since forest remnants in different cities vary in terms of climate, age, historical usage, soils and species (including exotics), forest responses to variation in urban-derived abiotic drivers would depend on the degree of control that those factors have over a particular process under a specific set of ecological conditions. Measurement and documentation of the key abiotic drivers likely to vary along urban-rural gradients (temperature, atmospheric deposition of nutrients, CO 2 and 03 concentrations and fluxes) would therefore augment our mechanistic understanding of the C and N cycling responses of urban forest remnants, and improve our predictions of the behaviour of forests that may become surrounded by cities and suburbs in the near future.
